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€FEUXINARY INTESTIWIOR OF ZIRCONIUM BORIDE CERAMALS 

FOR GAS-TURBSNE BLADE  APPLICATIONS 

By Charles A. Hoffman 

Zirconium borlde ZrB2 ceramals were investigated  for  possible  gas- 
turbine-blade  application.  Included Fn the  study were thermal shock 
evaluations of disks,  preliminary  turbine-blade  operation, and observa- 
tions of oxidation  resistance. Thermal shock disks of the following 
three compositihs w e r e  studied: (a) 97.5 percent  plus 2.5 percent 
B by  weight ; (b) 92.5 percent Zr% plus 7.5 percent B by weight ; and 
(c) 100 percent ZrBz. 

Thermal  shock disks were quenched from temperatures of 1800°, 2000°, 
2200°, and 2400' F. The l i f e  of turbine  blades  containing  93  percent 
ZrB2 plus 7 percent 3 by  weight was determined in gas-turbine tests. 
The blades were run a t  approximately 1600' F and 15,000 t o  26,000 rpm. 

The resultB of this investigation were as follows: 

1. The best  therms1  shock  performance was Selded   by   the  97.5 per- 
cent 2kB2 plus  2.5  percent B composition. This r e s u l t  compared favorably 
with  those  for  ceraanals  of TIC  plus Go and of TIC plus N i .  

2. Observations of oxidation made during  the thermal shock s tudies  
indicated that oxidation was alight  for  the  short  times  involved up 
t o  2000' F. However, a 97.5 percent h B 2  plus 2.5 percent B specimen 
held for 100 hours at  2000' F was severely  oxidized. The oxide scale 
was zr02. 

3. A blade of 93  percent ZkB2 plus 7 percent B was operated  for 
35 minutes a t  1600' P and 26,000 r p m .  A second blade  ran  for 40 minutes 
a t  1600° F and 15,000 to 26,000 rpm, while a t h i r d  failed under 16000 F 
and below 15,000 rpm. 
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In a continuing effort t o  develop  ceramal ma te r i a l s   fo r   a i r c ra f t  
power-plmt  applicatims,  zirconium  boride ZrB2 ceramals have been con- 
sidered. Data given in r e f e r a c e  1 indicate that cemented zirconium 
boride  possesaes  excellent  transverse  rupture strength a t  approximately 
240d) F and also has good oxidation  resistance. These data  suggest 
fur ther   inves t iga t im of t h i s  material for gas-turbine-blade 
application. 
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The objectives of this inves t iga t ion   a t  the NACA Lewis  laboratory 
were threefold : (a) t o  deternine the thermal  shock behavior, (b) to 
detemke  the   tu rb ine   b lade  performance, and (c) t o  observe  the  oxida- 
t ion  res is tance of ZrB2 ceramals. 

Experimental materials. - Experimental materials were f'urnished by 
the American Electro Metal Corporation. 

Ceramal thermal shock disks. - The thermal shock d i s k s  were 
1/4 inch thick by 2 inches in diameter and were either  hot  premed o r  
cold  pressed and sintered. Three campositions were investigated 
(a )  100 percent Zr%, (b) 97.5 percent %BZ plus- 2.5 percent B, and 
( c )  92.5  percent ZrB2 plus  7.5 percent B. Fabricating  information 
( i .e, ,  powder s ize ,  temperature,  presswe) was not f'urniahed f o r  any 
of the disks. Some of the  thermal shock  specimans were made of virgin 
powders, and other8 w e r e  made of recrushed powder, which is hot-pressed 
material recrushed and remilled. The his tory  of the disks  i a  sunnaarized - 
i n   t ab l e  I. A l l  specimens except numbers 2 i  t o  25 were inspected by radio- 
graphic methods to   de t ec t   i n t e rna l  flaws and by a penetrant-oil method 
to   detect   surface flaws and porosity. These tests were performed a t  
this  laboratory.  Speciqens 9 to  20 were surface-ground in &n e f fo r t   t o  
remove surface  porosity. Af'ter these dlgks had been ground  about 
0.03 inch  under-sized  without  elimination of the  porosity,  grinding 
Was discontinued. Specimens 21 t o  25 had been  annealed,  subJected 
t o  approximately 50 thermal shock cycles, and radiographically 
inspected by the manufacturer,  before  they were received at t h i s  
laboratory. The de t a i l s  of  the annealing  treatment and the  thermal 
shock procedure  are  not known. The surfaces of these specimens 
were oxidized  after  this  preliminary  testing and f o r  that reason BUT- 
face  inspection  could not be made at t h i s  laboratory. 

" 
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Ceramal blades. - The cermalturbosuperc3xu?ger-type blade used is 
i l lus t ra ted  in figure IL(a).  This blade shape is similar t o  that used 
Fn the  investigations  reported in references 2 and 3. The ceramal and 
the  alloy blades had the same a i r f o i l  configuration; the ceramal blade 
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1 root ,  however, had a 100 percent greater cross section  (fig. 1). The 
roots of the ceramal blade roots  were electroplated  with 0.008 inch of . copper. The blades were  made  of 93 percent ZrB2 plus 7 percent B and 
were hot pressed. These blades were radiographically  inspected fo r  
internal f l a w s  and penetrant-oil  inspected  for external flaws. Data f o r  

(0 
0, the  blade specimen6 are presented in  table I. 
83 

Evaluation Procedures 

Thermal  shock evaluati-on. - The thermal shock apparatus  consisted 
of a  furnace in which a spechen was heated and an a i r  chamber i n t o  
which the specimen  could be quickly moved for quenching. This  apparatus 
is illustrated in figure 2. The a i r  velocitywas 265 feet  per second 
(50 lb/min a t  70-80' P) . The  specimen was kept in the  furnace for 
10 minutes and then withdrawn into  the quenchhg a i r  stream for 5 m l n -  
Utes. The tes t  consisted of 25 quench cycles f r o m  1800' F, 25 quench 
cycles from 2000' F, 25 quench cycles from 2200' F, and 25 quench cycles 
from 24000 I? for  a t o t a l  of 100 cycles o r  until specimen failure, which- 
ever occurred first. A more detailed  description of the  apparatus and 
procedure is given in reference 2. Qualitative  obser~ations of oxida- 
tion were  made concurrently  with  the  thermal shock evaluation. 

Turbine blade evaluation. - The apparatus  consisted essentially of 
a small gas turbine supplied w i t h  hot  gases from a turbojet combustion 
chamber (see fig.  3). The Met-gas temperature was measured by 
chromel-alumel  thermocouples attached t o  the  turbine guide V&ZLBE 
lnrmediately  upstream of the  blades. A more detailed  description of 
t h i s  apparatus is given in reference 4. Each of the ceramal blades 
was run separately a t  an estimated temperature of 1600° F. The 
operating schedule f o r  the first two blades  specified  rapid  acceleration 
t o  15,000 r p m  and step-wise speed increases up t o  26,000 r p m  and then 
extended operation a t   t h i s  speed. The third blade was brought directly 
up t o  26,000 rpm. A t  t h i s  speed the midspan stress for the ceramal 
blade was approximately 14,700 pounds per square inch. The midepan 
stress of  Stel l i te  2 1  alloy  control  blades was approximately 
20,000 pounds per square inch. A ten-blade alloy  control sample was 
run along with each  ceramal blade. The remaining blades in the wheel 
were metal and  were cut t o  about 3/4 their original length t o  prevent 
their  failure and yet permit operatin@; speeds t o  be reached. 'The 
wheel was dynamically balanced before  operation and thereafter  as 
necessary. 

Oxidation evaluation. - In addition t o  the  qualitative  oxidation 
observations made in the thermal shock evaluation, a spechen of 
97.5 percent &B2 plue 2.5 percent B (virgin powder), taken from a 
failed thermal shock disk, was kept f o r  100 hours a t  2000° F in a 
commercial-type heat-treat furnace. The composition of the oxide scale 

method. 
.. formed was determined f r o m  X-ray diffraction  studies by the Debye-Scherrer 
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Density  evaluation. - The percent of theoretical   deneity was deter- - 
mined for some of the  disks after thermal shock evaluation, The surf'aces 
were careful ly  ground t o  remove a l l  scale. The actual  density was II 

determined from weighings in water and air .  Water absorption of the 
disks  during  these weighings was negligible. 

The theoret ical   densi ty  was computed with 6.1 ( ref .  5) and 2.3 s 
(ref. 6 )  grams per milliliter used as the  densities of ZrB2 and B, rn 
respectively, assuming a mechanical mixture of the two. 

(0 

Thermal Shock Evaluat ion 

The thermal shock  performance of the specimens i s  presented in 
table 11( a). The bes t   resu l t s  were obtained w i t h  disks 2 1  t o  25, 
which contained 2.5 percent B plus 97.5 percent ZrB2. These disks were 
made i n  a  hot  press  designed t o  reduce  residual stress. Thermal  shock 
resis tance has been improved compared w i t h  the  other 2.5 percent B 
plus 97.5 percent ZrB2 disks but it i s  not known whether t h i s  i s  a t t r i b -  
utable t o  the  hot prees o r  t o   t h e  annealing.  Except f o r  disk number 23, 
which may have been defective in vim of its poor  performance o m p a r d  
with  disks 21,  22, 24, and 25, these d isks  survived t h e   f u l l  100 thermal 
shock cycles in add i t ion   t o   t he  approximately 50 heat shook crcles 
they had received  before  being  received a t  this  laboratory.  It was not 
known whether  recrwhed  or  virgin powders w e r e  used for these  disks. 

I 

Assuming no other major variables have been changed, it would 
appear from a study of t he   r e su l t s  f o r  the  disks 3 a d  13 to 20 that 
virgin powders yield  bet ter  rernzlts than  recrushed powders. Study of 
the data for disks 4 t o  8 and disks 16 to 20 does not su@;gest any ef fec t  
of density on therm81  shock resistance.  

The thermal shock resistance of the 97.5 percent ZrBz plus 2.5 
percent B ceramal campares favorably w i t h  that of (CbTaTi)C, modified 
Tic pius CO, and Tic PIUS mi ceramals  reported i n  reference 3. 

Oxidatim  evaluation. - In general,  the  oxidation  during the 
thermal  shock  evaluation was negl ig ib le   to  slight, through 2000° F f o r  
specimens 1 t o  20. The t o t a l  time a t  temperature f o r  the fir& 
50 cycles was, however, only 8.3 hours. A t  2400° F the   oxidat im was 
mderately  severe. The scale was t i g h t l y  adherlng and could  not  be 
readi ly  removed by e i ther   ch ipphg or vapor blasting.  Since specimens 
2 1  t o  25 were already  oxidized  before  the NACA thermal  shock  testing, 
it was not  possible  to  determine  the  extent of oxidation  for  these 
speclmens a t  the lower  temperatures; however,  upon completion of 

. 
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- LOO cycles (i.e., up through 2400° F and 16.7 h r  of testing) oxidation 
had also become moderately  6evere. 

I 

The 97.5 percent ZrBz plus 2.5 percent B specimen, which was kept a t  
2000' P for 100 hours, underwent serious  oxidatim, as i l l u s t r a t ed  in 

'9 
3, f igure 4. A '!Maltese cross"  effect   associated with oxidation occucrring s st the  metal-soale  interface is noted. Also t o  be noted is the  

occurrence of a number of zones wlthin the scale. This specimen 
experienced a w e i g h t  gain of 9.7 milligrams per square centimeter. 
Originally it had a cross-sectional  area of 0.367 square centimeter 
and a f t e r  heat- had an unaffected  area of 0.148 square centimeter, 
60 percent of its original cross-sectional  area  having become oxidized. 
The X-ray diffract ion  s tudy showed the sca le   to  be composed only of Zr02. 

Density  evaluation. - The percents of theore t ica l   dens i t ies  
reported  by  the  fabrimtor and those  determined  during the course of 
th i s   s tudy  are reported in t ab l e  II. It can  be  noted "that the values 
determined  during th i s   inves t iga t ion  are, in a l l  cases, lmer then those 
reported  by  the  fabricator. Although the  reason  for  the  discrepancy 
is not  known, the  surface  porosity  revealed by use of a penetrant-oil 
lnspection method on the disks  tends  to  confirm  the lower values. 
Possible  reasms  for  discrepancy are: 

(a) The assumption of a chemical react ion in the fabr ica tor l s  
calculations (new compound formation, solution, etc.) ra ther   than a 
mechanical m i x t ; u r e  of the camponents. This would not  account for the  
discrepancy in specimens 10, 11, and 12, which are 100 percent *B2. 

- 
. 

(b) The use of d i f fe r ing   dens i t ies   for  the components i n   t h e  
calculations. 

(c) The poss ib i l i t y  that some physical change dur ing  the thermal 
shock tes t ing  has al tered  the  densi ty .  

Turbine  blade  evaluation. - The re su l t s  of the turblne blade 
evaluation are presented in t ab le   I I (b ) .  The f irst  blade  fa i led 
a f t e r  a t o t a l  of 55 minutes a t  the various  conditions  listed in the 
table.  The second blade  failed  during the approach t o  15,000 rpm and 
1600' I?. This  blade ran for a t o t a l  of 10 minutes.  Subsequent exam- 
Fnation of the   fa i led  sectIan indicated that this blade  may laave been 
defective. The t h i rd   b l ade   f a i l ed   a f t e r  40 minutes of opemt im,  
35 minutes of which were at 26,000 rpm and 1600' F, and the other 
5 minutes used in approaohbg this condition.  Oxidation was negligible 
during  these runs. N o  alloy  blades failed durFng them tests. 

I 

The ceramal  blades had a 100 percent greater cross-sectional 
area in the root than did  the  alloy  control  blades in order. t o  - 
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compensate f o r   t h e i r   b r i t t l ~ n 0 S S .  In  addition,  the  roots of the  ceramal 
blades were copper p la ted  in order t o  achieve a be t te r  load distribution. 
Emever,  these  expedients were insufficient  to  prevent  the failure of a. 

the ceramal blades a t  the  neck-roll  junction of the roo t s .  

. 

The objective of the  blade  evaluation was t o  study  the  perfonaance 
of t h i s  ceramal a t  a speed (26,000 rpm) a t  whioh the stress a t   t h e  
midspan in the   S t e l l i t e  2 1  alloy  control  blades would be cmparable  to 
the stresses at the midspan of the  blades in a current je t  engine. 
A t  26,000 mpm the stress a t  the midspan of t h e  control  blades was 
20,000 pounds per  square  inch. This value is s imi l a r   t o   t ha t  
encountered a t  the midspan in the  blading of the  533 turbojet  engine. 
Simultaneously it was desired  to  deternine whether or not  there 
any limiting speed beluw 26,000 rpm; hence, the first two blades were 
brought t o  15,000 rpm and increased  by  increments  thereafter. The 
f irst  two lll~ls indicated  that   the  quali ty of the  material varied 
widely and that operation  should  be  limited t o  low speeds. Because 
of the  limited number of blades availaELe, and because the mriatian 
in  quality  indicated that the performance in the first two r~ns was 
probably  not  in&icative of the  potential  performance of other  blades, 
it was decided to   t ake   the   th i rd  blade d i rec t ly   t o   t he  f i m l  operating 
conditione;  the  results  indiaate  that  it might be possible  to  operate 
a t  th i s   cmdi t i an  f o r  short  times. 

a m 
N 
dr 

A s  stated previously, a l l   t he   b l ades   f a i l ed  in the root and conse- 
quent ly   the   ab i l i ty   to   wi tk tand   the  8evere  conditions which ex is t  a t  a 

the midspan of t h e   a i r f o i l  cannot  be sa t i s fac tor i ly  judged. Blade l ife 
could probably  be  prolonged by the  use of improved root  designs. When 
the ZrB2 blades ~%po&ed herein  are ccenpared with the Tic plus CO a d  
TIC plus Mi blades  reported in reference 3, it is seen t ha t   t he  ZrB2 
ceramal blades ran for shorter times under similar conditions  than did 
the  reference  blades. However, In view of the   fac ts   tha t  a very small 
number of ZrB2 blades mre investigated and that there I s  only limited 
experience In the  fabrication of ZrB2 blades,  these r e a u l t e  must be 
regaded as very  preliminary. 

1 

SUMMARY OF RESULTS 

The r e su l t s  of this   invest igat ion may be s m i e e d  as fo l l a r s :  

1. The best  thermal shock perfomnance was yielded  by  the 
97.5 percent zirconium boride ZrB2 plus 2.5 percent boron B’composition. 
This  composition survived 100 quenching cycles; 25 cycles a t  each of 
the fo l lowhg temperatures: 1800°, 2000°, 2200°, and 2400’ 3”. 
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- 2.  ObserVationB of oxidation  during  the thermal shock s tudies  
indicated that oxidation was, in general, slight f o r  times lesi3 than 

2.5 percent B specimen he ld   for  100 hours a t  2000' F was severely 
oxidized. The oxide  scale ZrO2. 

. 8.3 hours up through 2000° F. However, a 97.5 percent ZrB2 plus 

3. A 93 percent ZrB2 plus '7 percent B blade was operated  for 
35 minutes a t  26,000 r p m  and 1600' F. A second blade ran f o r  40 minutes 
a t  speeds of 15,000 t o  19,500 r p m  a t  160O0 F. A th i rd   b lade  investi- 
gated failed below 15,000 rpm and under 1600° F; 

Lewis Plight  Propulsion  Laboratorg 

Cleveland, Ohio 
National Adv-isory Conmrittee for  Aeronautics 

1. Blumenthal, H., G l a s e r ,  F. W., an6 Ste in i tz ,  R.: Summary Report - 
Cemented Borides. American Electro Metals Corp. Feb. 1, 1949 
t o  Dec. 1, 1950. (Contract IV6-OIiR-256) 

2.  Hoff'man, Charlee A . ,  Ault, G. Mervin, and Gsngler, James J.: 
Initial lnveatigation of Carbide-Type Ceramal of 80-percmt 

Blade Material. N A N  T!N 1836, 1949. 
- TitanFum Carbide Plus 20-percent  Cobalt f o r  Use 8 s  Gas-Turbine- 

. 3. Hoffman, C. A . ,  and Cooper, A. L.: Investigation of Ti tan ium 
Carbide Base' Ceramals Containhg Either niokel   or   Cobal t   for  
Use as Gas-Turbine Blades .  RAGA RM F52H05, 1952. 

4. Hoff'man, Charles A . ,  and Ault, G. MervSn: Application of 
Statistical Methods t o  Study of Ga6-fpurbine Blade Failures. 
NACA RN 1603, June, 1948. 

5. Anon.: Properties of Cemented Ziroonium  Boride. American Electro 
Metal Corp. Feb. 15, 1950. (Contract N6-Om-256) 

6 .  Anon. : Metals Handbook, 1948 Edition. Am. SOC. Metals (Cleveland), 
1948. 



. .  . . . .  . . . .  .. . . . . .  . . 

W 

- 
roan 
B 

P.6 

2.5 

2.8 

7.5 

7.8 

7.6 

7.8 

7.6 

7.s 

- 

0 

0 

0 : 
a.s 
2.6 

1.3 

2.u 

2.6 

a.6 

2.8 

9.1 

2.6 

a.3 

a.s 

2 . 1  

P.3 

1 

1 

7 - 

a4 

p1.6 

18 

88.s 
m.5 

88.5 

8B.1 

80.6 

84.0 

9 
F 

, , f " T j  
. .  . .  . . .  . . . .  

. .  . -  



IM 

. 
NACA RM E52LEa II 

specim1 
numbe: 

1 

2 

3 

4 

5 

6 

7 

0 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1  

22 

23 

24 

25 

content, 
Boron 

perceni 
2.5 

2.5 

2.5 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

0 

0 

0 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

- 
m 

ZzFl - 
10 

3 

25 

25 

7 

25 

25 

25 

9 

2s 

15 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

3 

25 

25 - 

26 

ls00 

27 to  1M)o 

28 I 1600 

t o  1600 

ber of  
m o  1 

25 

25 

4 

3 

25 

25 

11 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 - 

a t  
i-p 

25 

8 

1 

25 

25 

25 

25 

25 

25 

25 

25 

25 - 

25 

3 

21 

3 

25 

25 

25 

25 

25 

! o t d  nmbe 
cycles 

10 

3 

75 

58 

7 

29 

28 

25 

9 

XI 

15 

50 

56 

51 

50 

1m 
78 

96 

78 

100 

100 

100 

3 

100 

100 

( b )  Turbine blade  evaluation. 

15,000 15 

15.000 10 

16,750 10 

t o  

LB,m 10 

19,500 l o  

15,OOo lo 
t o  

26,000 5 

26,- 35 

t o  

-" 
!me of fa i lure  

Fracture 

Crack 

Fracture 

Fracture 

Crack 

Crack 

Crack 

Frecture 

Fracture 

Crack 

Crack 

Crack 

Crack 

Crack 

Crack 

Fracture 

Fracture 

Fracture 

Fracture 

!otal time, R e m a r k s  
mln 

15 

25 

35 

45 

55 Blade faflure ocaurred at  
neck-roll  junction 

10 Blades fa i led  upon approach t o  
160@ F and 15,ooO rpm. 
F a i l u r e  occurred in neck-roll 
junction 

5 1  
u) Blade fai led at  neck-roll I junctiocl 

9 



10 NACA RM E52LEa 

1 
(a) Ceramal blade. 

,065" 

0.138" ( b )  Alloy blade. 
- E V  

CD- 2764 

Figure 1. - Types of blade  design used in investigation. . 
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Figure 2. - Thermal-shack apparetus. 
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Figure 4 .  - Ceramal specimen containing 97.5 percent zirconium boride plus 2.5 percent 
boron (virgin powders) after 100 hours at 2oooo F Fn a i r  atmosphere. Xl.5. 
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